A field experiment was conducted for 5 years to examine the effects of non-flooded mulching cultivation on crop yield, internal nutrient efficiency and soil properties in rice-wheat (R-W) rotations of the Chengdu Plain, southwest China. Compared with traditional flooding (TF), non-flooded plastic film mulching (PM) resulted in 12 and 11% higher average rice (Oryza sativa L.) yield and system productivity (combined rice and wheat yields), and the trends in rice and wheat (Triticum aestivum L.) yields under PM were stable over time. However, non-flooded wheat straw mulching (SM) decreased average rice yield by 11% compared with TF, although no significant difference in system productivity was found between SM and TF. Uptakes of N and K by rice under PM were higher than those under TF and SM, but internal nutrient efficiency was significantly lower (N) or similar (K) under PM compared to SM and TF. This implies that more N and K accumulated in rice straw under PM. After 5-year rice-wheat rotation, apparent P balances (112-160 kg ha )1 ) were positive under all three cultivation systems. However, the K balances were negative under PM ()419 kg ha )1 ) and TF ()90 kg ha )1 ) compared with SM (45 kg ha )1 ). This suggests that higher K inputs from fertilizer, straw or manure may be necessary, especially under PM. After five rice seasons and four wheat seasons, non-flooded mulching cultivation led to similar (PM) or higher (SM) soil organic carbon (SOC), total N (TN) and alkali hydrolyzable N (AH-N) in the top 0-5 and 5-12 cm layers compared with TF. SOC, TN, AH-N and Olsen-P (OP) in the sub-surface layer (12-24 cm) were significantly higher under PM or SM than under TF, indicating that rice under non-flooded mulching conditions may fail to make use of nutrients from the subsoil. Thus, the risk of decline in soil fertility under non-flooded mulching cultivation could be very low if input levels match crop requirements. Our data indicate that PM and SM may be alternative options for farmers using R-W rotations for enhancement or maintenance of system productivity and soil fertility.
Introduction
Rice provides a staple food supply for almost half the world's population and about 75% of world production is from irrigated systems (Maclean et al., 2002) . However, fresh water for irrigation is becoming scarce due to increasing competition from urban and industrial demand (Bouman, 2001 ). This threatens the sustainability of irrigated rice systems and water-saving rice production methods are urgently needed. One promising solution is non-flooded plastic film mulching cultivation, which was introduced into China in the late 1980s. This cultivation technique has led to improved water use efficiency, increased soil temperatures, and improved or maintained rice yields (Fan et al., 2002; Liang et al., 1999; Liu et al., 2003; Wu et al., 1999) . The most frequently quoted concerns regarding non-flooded plastic film mulching cultivation are possible declines in soil organic matter or soil nutrients resulting from favorable conditions for soil organic C decomposition under non-flooded mulching cultivation and the implications for sustainability of rice production. Hu et al. (1999) reported a 8% decline in soil organic C and soil total N in a paddy field under plastic film mulching. However, detailed studies of soil fertility under non-flooded in R-W rotation systems, especially long-term consequences, are not available and it is unknown whether stable yields can be attained over time using non-flooded plastic film mulching.
The management of straw and its impact on nutrient cycling and soil fertility are also issues that are important to the sustainability of ricebased production systems. In Asia, farmers either remove straw from their fields for fuel and cattle feed, burn in situ, pile or spread in the field, incorporate into the soil, or use the straw as a mulch for the succeeding crop (Dobermann and Fairhurst, 2000) . Straw burning is especially popular for wheat straw disposal in rice-wheat rotations in China because of the short turnaround time between the wheat harvest and rice transplanting, and advantages of this method include pest and disease control and saving of labor and energy (Ponnamperuma, 1984) . However, estimated losses are up to 80% of N (Raison, 1979) , 25% of P and 21% of K (Ponnamperuma, 1984 ) and 4-60% of S (Lefroy et al., 1994) in addition to the problem of air pollution. Burning of straw must be avoided for environmental reasons. One possible solution would be to use the wheat straw as a soil mulch material in non-flooded rice cultivation systems. However, experimental results have revealed site-to-site differences in response of rice to non-flooded straw mulching cultivation. For example, rice grain yields under straw mulching cultivation were comparable to those under traditional flooded cultivation at Guangzhou and Jiangsu provinces in China (Fan et al., 2002; Liang et al., 1999) . In contrast, Wang et al. (2002) reported that wheat straw mulching cultivation inhibited rice growth at early stages with a subsequent decline in rice yield. All of these studies, however, were conducted over relatively short-time periods of about 1 or 2 years. A previous study summarized effects of straw incorporation on crop yield trends and profitability in long-term experiments with rice-rice and R-W systems (Dawe et al., 2003) . However, the cumulative effects of straw returned as a mulching material on soil fertility, crop yields and the sustainability of R-W rotation systems under non-flooded cultivation conditions remain poorly understood.
In this paper, we report on a field experiment conducted on non-flooded mulching cultivation (plastic film mulching and wheat straw mulching) of rice in R-W systems over a period of 5 years. The aims were to: (i) understand yield trends, internal nutrient efficiency (NPK), and nutrient (PK) balance, and (ii) compare a range of soil properties (pH, organic C, total N, and available NPK) in both topsoil and subsoil under nonflooded mulching cultivation with those under traditional flooded cultivation. Some results from the first three years of the study have been reported by Liu et al. (2003) .
Materials and methods

Field experiment
The field experiment, which has been in progress since 1999, was previously described by Liu et al. (2003) . The experimental site (30°42¢N, 103°50¢ E and 539 m elevation) is located at Wenjiang county near the center of Chengdu Plain. The region is classified as humid sub-tropical with a monsoon climate. Average annual rainfall is 947 mm. The soil is classified as a Stagnic Anthrosol (Fluvaquent) developed from alluvial deposits of the Minjiang river (containing free CaCO 3 ). The top 20 cm of the sandy loam contained 12.3 g kg )1
soil organic C (SOC), 1.70 g kg )1 total N (TN), 5.2 mg kg )1 Olsen-P (OP), and 37.9 mg kg )1 exchangeable K (EK) and had a pH value (in water) of 7.8 at the start of the experiment in 1999.
The field experiment comprised six treatments in a randomized block design with three replicates and a plot size of 3 · 8 m. For the present study, however, only data from the following three treatments were used: traditional flooding cultivation (TF) as control, and plastic film mulching (PM) and straw mulching (SM) as the two non-flooded mulching cultivation treatments. In each rice season, all the N, P, and K fertilizers (150 kg N ha )1 as urea, 40 kg P ha )1 as calcium superphosphate and 75 kg K ha )1 as potassium sulfate or potassium chloride) were broadcast and incorporated into the seedbed of all three treatments prior to transplanting of rice. In the wheat season, the P and K fertilizers (26 kg P ha )1 as calcium superphosphate, 50 kg K ha )1 as potassium sulfate) and 50% of the N fertilizer (120 kg ha )1 as urea) were applied to the seedbed of all plots just before sowing and the remaining half of the N fertilizer was broadcast in early February (at the booting stage of wheat).
Traditional flooding and non-flooded plots were separated by a 2-m wide alley using plastic film inserted into the soil to a depth of 60 cm. Plastic film, 0.005-mm thick and 1.7-m wide, was used to cover the soil in the PM treatment. Wheat straw, harvested from the same field in the wheat season (about 5250 kg DM ha )1 containing 26 kg N ha )1 , 5 kg P ha )1 and 58 kg K ha )1 on average) was used to cover the soil in the SM treatment. Every year, rice (Oryza sativa L.) was transplanted in late May using two seedlings per hill at 20 · 28 cm spacing. The hybrid rice varieties used were Gangyou 527 in 1999 and 2000, Xiangyou 1 in 2001 and 2002, and Xiangyou 2 in 2003. Rice was harvested from ground level manually by sickle in mid September. After the rice harvest each year, wheat was sown with zero tillage and the removal of rice straw according to conventional agricultural practice. Most of the residual plastic film was removed from the field before sowing the wheat in the PM treatment. In early (2-6) November, the wheat variety 'SW3243', supplied by the Institute of Crop Science, Sichuan Academy of Agriculture Science was sown directly into the soil at two spacings of 10 · 15 cm and 10 · 25 cm as bunch planting. The wheat was harvested in mid-(10-17) May the following year.
In the TF treatment, plots were irrigated every 3-5 days to maintain a 3-cm water level until 2 weeks before the rice harvest in line with traditional farming practice. Limited irrigation was provided only from transplanting to late tillage stage in all non-flooded mulching plots, depending on the weather conditions. No irrigation was supplied in the wheat season.
Soil and plant analysis
After the rice harvest in September 2003, soil samples were taken from the 0-5, 5-12, and 12-24 cm soil layers in each plot at three locations and mixed to give composite samples. Air-dried sub-samples were analyzed for pH (1:1 in water), SOC (K 2 Cr 2 O 7 -H 2 SO 4 ), TN (micro-Kjeldahl), OP (0.5 M NaHCO 3 ), and EK (NH 4 OAc) using the methods described by Sparks et al. (1996) and for alkali hydrolyzable N (AH-N, NaOH) using the method described by Cornfield (1960) . Grain yields were determined by harvesting 8 m 2 (rice) or 6 m 2 (wheat) of each plot at harvestable maturity. Straw yields were estimated from oven-dry grain yield and the grain-to-straw ratio of six hills (rice) or 0.2 m 2 area (wheat) plant samples taken at harvestable maturity. All directly measured plant parameters are based on oven-dried plant material with a residual moisture content of ca. 3% except for rice grain yield which was adjusted to 140 g kg )1 moisture content. The ovendried plant sub-samples (grain and straw) from the 6-hill or 0.2 m 2 area samples were then ground and analyzed for N by the micro-Kjeldahl procedure, for P by the vanadomolybdate method, and for K by flame photometry after wet digestion with H 2 SO 4 and H 2 O 2 . NPK uptakes were calculated as the product of concentration and yield of the aboveground parts of the plants on a dry matter basis.
Internal nutrient efficiency and apparent nutrient balance
Internal nutrient efficiency (kg grain kg )1 nutrient) can be defined as ratio of grain yield over total plant nutrient uptake with the aboveground biomass . This reflects the efficiency in utilization of the nutrients actually absorbed and approximates the effects of plant factors.
The apparent P and K balances were calculated by difference between the inputs and outputs. The calculations were made as follows:
P balance = (P addition from fertilizer +straw + seeds/seedlings) ) (P removal by crop) K balance = (K addition from fertilizer +straw + irrigation water + rain + seeds/seedlings) ) (K removal by plant + losses of K)
The P and K contents in mineral fertilizer and straw were measured directly and no P was detected in rainwater or irrigation water. K input from irrigation water was computed from the estimated total amount of applied irrigation water (5500 mm in TF and 500 mm in PM and SM) in five rice seasons and measurements of K in irrigation water which were done at 10-day intervals in the 2004 rice season. Rainwater contributions of 8.14 kg K ha )1 year )1 were based on data reported by Shi (2003) for Chongqing in southwest China. The amounts of P and K added to the soil with rice seedlings/wheat seeds were estimated as the product of the concentration and weight of the seedlings/seeds on a dry matter basis.
Leaching loss of K was estimated to be 3.1 kg ha )1 year )1 for PM, 3.6 kg ha )1 year )1 for SM, and 14.7 kg ha )1 year )1 for TF, measured in the 1999 rice season (Wang, 2001) . We assumed that P losses through leaching or otherwise from the soil-plant system were negligible.
Climatic conditions
Temperature, sunshine hours and rainfall data are listed as averages over the five rotation periods from 1999 to 2004 in Figure 1 . While the timing of the rainy season is relatively predictable, there was considerable year-to-year variation in the amount, intensity, and distribution of rain and sunshine hours. The mean temperature of the five experimental years ranged from 5.9°C in January to 26°C in August. There was also relatively good year-to-year consistency for the monthly mean temperature despite a hot period commencing in August 2001 (data not shown).
Statistical analysis
Analysis of variance (ANOVA) was performed on a fully randomized plot design to test for significance of treatments and means were compared by least significance difference (LSD) at the 5% level (SAS, 1996) . Linear regression analysis of grain yields across years was performed to determine trends. The probability values on the slope indicated the level of significance of observed changes in yield. 
Results
Grain yields
The grain yields of rice and wheat in the different mulching cultivation systems over the five years of the experiment are shown in Table 1 and Figures 2 and 3. Rice grain yields followed the sequence of PM > TF > SM across the years, and significant differences occurred among the three systems during the first three years, while the yields of the three cropping systems were similar during the final two years (Table 1 and Figure 2 ). Compared with TF, PM resulted in 12% higher average rice grain yield, while SM decreased average rice yield by 11%. Unlike rice, wheat yields were not significantly affected by the treatments over the five experimental years (Table 1 and Figure 3 ). There were also no significant differences in the average wheat yields among three cultivation systems (4.3 t ha )1 for TF, 5.3 t ha )1 for PM, and 5.2 t ha )1 for SM) ( Table 1 ). This suggests that non-flooded mulching cultivation in the preceding rice season had no residual effect on the succeeding wheat in the present study. Though wheat yields declined over time, the decline was nearly significant for PM and SM. System productivity (combined rice and wheat grain yields) under PM (12.1 t ha )1 ) was higher than under TF (10.9 t ha )1 ) or SM (10.6 t ha )1 ) ( Table 1) . Such trends may be ascribed to the effect of increased rice grain yield under PM. Figure 3 shows changes in the grain yield of rice and wheat over time. The yield changes under the three cultivation systems ranged from )78 to 158 kg ha )1 for rice, and from )325 to )257 kg ha
for wheat, but they were not significantly different (P > 0.05, Table 1 ). The greater rate of change in wheat yield may be linked to the high initial wheat yield.
Nutrient uptake and internal nutrient efficiency
The average nutrient uptake of rice aboveground parts and internal nutrient efficiency as affected by non-flooded mulching cultivation are shown in Table 2 . PM led to significantly higher N (115 kg ha )1 year )1 ) and K (150 kg ha )1 year )1 ) uptake by rice compared with TF and SM. This resulted mainly from higher aboveground biomass under PM than under TF or SM (Liu et al., 2003) . However, internal efficiency of N was significantly lower under PM (59 kg kg )1 ) than under TF (65 kg kg )1 ) or SM (64 kg kg )1 ), and internal efficiency of K (45-49 kg kg )1 ) was similar among the three cultivation systems (Table 2 ). These results suggest that these was a large increase in N and K uptake under PM than under SM and TF, but no proportional increase in yield because of other yield-limiting factors. Mean phosphorus uptake under SM was significantly lower than under TF or PM but in the fifth rice season TF resulted in a larger P uptake (31.4 kg ha )1 ) compared with PM (20.3 kg ha )1 ) or SM (17.9 kg ha )1 ) (Figure 4 ). Mean internal efficiency of P was not statistically different among the three cultivation methods. The internal efficiencies of N, P and K in the present study were not identical to the average values found in Asia (59 kg grain kg )1 N; 354 kg grain kg )1 P; 64 kg grain kg )1 K) and Sahelian West Africa (70.8 kg grain kg )1 N; 331.4 kg grain kg )1 P; 55.1 kg grain kg )1 K) (Haefele et al., 2003) but still fell within the minimum and maximum values. Table 1 for regression coefficients. TF: traditional flooding; SM: Wheat straw mulching; PM: plastic film mulching.
Nutrient balance
The total apparent nutrient (PK) balance over the five experimental years in the three cultivation systems are presented in Tables 3 and 4 . The apparent P balance ranged from 112 to 160 kg ha )1 . The highest P surplus (160 kg ha )1 ) was observed under SM due to the highest P input and the lowest P output (Table 3 ). In contrast to the positive balance of P, apparent K balances under PM and TF were negative (Table 4) . This implies that current fertilizer K application rates were not sufficient to match K removal under PM and TF. The negative K balance under PM ()419 kg ha )1 ) was higher than under TF ()90 kg ha )1 ) due to the higher K output (uptake by the crop) and lower input for irrigation water under PM than under TF. Total K input was comparable to or even higher than the K output (uptake by crops) under SM. Hence, the net K balance under SM was positive (45 kg ha )1 ). Clearly, straw management in the rice systems played a major role in soil nutrient balance.
Soil properties
Selected soil properties at depths 0-5 and 5-12 cm as affected by non-flooded mulching cultivation after the fifth rice season are presented in Table 5 . Soil pH and alkali hydrolyzable N at 0-12 cm soil depth were not significantly different among the three cultivation systems, ranging from 6.8 to 7.6 and from 123 to 143 mg kg )1 , respectively. SM resulted in a significant increase in soil organic C, total N, Olsen-P, and exchangeable K at 0-5 cm depth compared with TF. Soil organic C, total N, and exchangeable K at 0-5 cm depth under PM were similar to those under TF, but Olsen-P under PM (11.6 mg kg )1 ) was significantly higher than under TF (8.2 mg kg )1 ). Soil organic C, Olsen-P, and exchangeable K at 5-12 cm depth showed similar trends to those at 0-5 cm depth but total N showed some differences. The positive effects of SM on the selected properties in the topsoil may have resulted from the return of wheat straw as a mulch material. Our results also indicate that PM has no negative effects on topsoil fertility. At 12-24 cm depth, soil organic C, total and alkali hydrolyzable N, and Olsen-P under PM or SM were significantly higher than under TF. Soil pH and exchangeable K were similar among the three cultivation systems at 12-24 cm depth (Table 5). Non-flooded mulching cultivation had no effect on soil bulk density or soil porosity in the present study (data not shown).
Discussion
Effects of non-flooded mulching cultivation on rice grain yields were evident during the 5-year study period. In comparison to TF, PM led to higher average rice grain yields, perhaps because of its efficiency in maintaining soil moisture, increasing soil temperature at the early growth stages, and enhancing N transformations and availability Liu et al., 2003; Lu and Wu, 2002; Peng et al., 1999; Shi et al., 2002) . Shen et al. (1997) reported that plastic film mulching cultivation produced larger and more vigorous root systems and increased early tillering of rice due to higher temperatures and this may also be one of the factors involved in increased grain yields. The finding that higher rice grain yields occurred under PM than under TF in the present study is strongly supported by other studies made in the same region (Fan et al., 2004 Liu et al., 2005) and in other regions of China (Fan et al., 2002; Liang et al., 1999; Shi et al., 2001; Wu et al., 1999) . Lower surface soil temperatures at early stages of rice growth under SM (Parker and Larson, 1962; Wang et al., 2002) and N immobilization caused by the initial degradation of wheat residues as mulching materials (Jenkinson, 1985; Rao and Mikkelsen, 1976 ) may contribute to lowered available N and poor growth conditions for rice, with subsequent decreases in rice yields in the first three years. The similar rice grain yields among the three cultivation systems in the final two years indicate that rice grain yield responses to non-flooded straw mulching cultivation tended to be negative to neutral over time. Rice yields ranged from 5.4 to 6.6 t ha )1 under TF and from 6.6 to 7.6 t ha )1 under PM in the present experiment, and no clear trends were found in TF or PM across the 5 years of the experiment (Table 1 and Figure 3) . A recent analysis of yield trends in 27 long-term experiments conducted in different Asian countries suggests that stable rice yields of 5-6 t ha )1 in rice-based cropping systems seem to be common (Dawe et al., 2000; Dobermann and Witt, 2000) . However, this trend has never been shown under plastic film mulching conditions. Stable rice grain yields under SM can also be attained as shown in Figure 3 and Table 1 , but the average rice yield of SM is lower than of TF and PM. Thus, it is important to improve rice yield under SM through integrated nutrient management.
The data on nutrient uptake show that PM resulted in higher uptake of N and K by rice, suggesting that exhaustion of soil fertility, particularly N and K, might occur under PM. However, the present results and those of Liu et al. (2003) have shown no differences in SOC, TN, or AN in the topsoil between PM and TF. This could be attributed to the N fertilizer application rates being sufficient to maintain rice productivity. Evidence from long-term experiments indicates that if input levels match crop requirements, it is possible to sustain soil fertility (Dobermann et al., 1998) . However, the N fertilizer applied once as a basal application in the present study would not be conducive to efficient use of N and would need to be modified. One promising method might be to apply N based on plant demand and use tools such as the chlorophyll (SPAD) meter or the leaf color chart not only for TF (Balasubramanian et al., 1999; Dobermann et al., 2002) , but also for PM and SM. The negative K balance (Table 3) combined with the low soil K availability in the topsoil (Table 5) under both TF and PM suggests that higher K inputs from fertilizer, straw or manure may be necessary. However, the present study also indicates that exchangeable K may not be a suitable measure of plant-available K in this soil type in view of the relatively large plant K uptake (Table 2 ) and low internal efficiency of K, despite low soil exchangeable K (Table 5) .
SM significantly increased SOC at 0-5 and 5-12 cm depths and TN at the 0-5 cm depth. This could be explained by the regular addition of slowly decomposing wheat straw as a mulching material resulting in organic matter and total N accumulation. Roper and Ladha (1995) reported that crop straw used as organic fertilizer stimulated biological N 2 -fixation in soil and may also have increased total N. A similar finding that crop residues on the soil surface increased organic C and total N in the top 5-15 cm of the soil profile was reported by Rasmussen and Collins (1991) . SM also led to a net positive K balance and higher K availability in topsoil. We may therefore infer that the SM system is more sustainable than PM in terms of soil fertility and nutrient cycling, though the improvement in soil fertility in SM systems does not appear to lead to substantial increases in crop yield.
Increasing available soil P with regular P addition through fertilizers would be expected because rice utilizes only a fraction of the applied P. Moreover, wheat straw as a mulching material also supplied considerable amounts of P to the soil (Table 3 ). Perhaps because of this, a greater build-up of available P in topsoil occurred under SM compared with PM or TF. However, the present results differ from the finding of Hu et al. (1999) that available P in PM was lower than in TF. Lower available P in TF in this context may be explained by higher P removal in TF during the fifth rice season (uptake by rice) (Figure 4 ), leading to a subsequent decrease in available P. The rice plots were drained about 15 days before the soil samples were collected in the present study and this may have led to some re-adsorption or precipitation of soluble P (Cheng and Cao, 1997; Kirk et al., 1990; Ponnamperuma, 1972) and this may be an additional factor contributing to the lower available P in TF.
Wetland rice can derive a significant part of its nutrient requirements from the subsoil. Sekiya and Shiga (1977) reported an N contribution from the subsoil to total N uptake by rice of up to 5-35% in zero N treatments and 14-22% in N fertilizer treatments. Chen and Zhu (1986) recorded a subsoil contribution of 16-49% to the total soil N supply to rice plants in the Tai Lake region of east China. The higher observed SOC, TN, AH-N and OP in the12-24 cm layer under PM or SM compared with TF in the present study may be ascribed to lower nutrient removal from the subsoil under non-flooded mulching cultivation than under traditional flooding cultivation because rice roots are distributed mainly in the topsoil under non-flooded conditions (Liang et al., 2000; Wang, 2001 ). This suggests that rice plants under continuously non-flooded mulching conditions may fail to utilize nutrients efficiently from the subsoil. However, to what extent the subsoil nutrients contributed to total nutrient uptake by rice in the three cultivation systems (TF, PM, and SM) cannot be determined unequivocally on the basis of the data available.
In conclusion, results from this study indicate that PM led to increased rice grain yields and system productivity and stable crop yields were attained over time. It seems that soil fertility can be sustained under PM if input levels match plant requirements. SM is also an alternative option of rice plant cultivation for farmers using R-W rotations in view of its efficiency in saving water, improving soil fertility, and maintaining system productivity. There is a need to evaluate the long-term environmental risks (e.g. soil pollution by plastic film if recycling of used plastic film were not properly practiced and greenhouse gas emissions) and economics of non-flooded mulching cultivation and improved system productivity by integrated resource management.
